Since summer 2004, Minnesota has compiled a fairly extensive database on the cyanobacteria (commonly known as blue-green algae) toxin microcystin (MC). These data have been acquired through routine lake studies, incident-based investigations , and stratified random surveys as a part of the 2007 and 2012 US Environmental Protection Agency (USEPA) National Lakes Assessments (NLA). The studies (datasets) compiled through 2007 were described in Lindon and Heiskary (2009) . These data were used to describe the range of MC in Minnesota lakes and the likelihood of encountering elevated levels of MC. Since that time, we have increased Minnesota's MC database via the 2012 NLA.
This brief paper updates previous efforts and statistically summarizes all Minnesota MC data collected by the Minnesota Pollution Control Agency (MPCA) from 2004 to 2012. We describe the intent of sampling efforts, statistically assess data from each effort, and describe differences among random and routine studies. The 2012 NLA MC data were used to assess regional patterns in MC, compare MC collected at mid-lake and a random near-shore site, and make statewide comparisons with the 2007 NLA data. This summary places MC concentrations in perspective for Minnesota and provides a basis for estimating relative risk of Color versions of one or more of the figures in the article can be found online at www.tandfonline.com/ulrm. encountering elevated levels of MC in Minnesota lakes. It also serves as a comparative database, which other entities that collect MC may use to place their results in perspective.
Material and methods
Detailed descriptions of study design, sample collection, and laboratory methods were provided in Lindon and Heiskary (2009) . The purpose of one targeted MC study in Lindon and Heiskary (2009) was to document seasonal changes and interrelationships in MC, water chemistry, and related measures based on monthly samples from May to September in 12 eutrophic-hypereutrophic lakes located in the same geographic area. In that study, MC and other environmental variables, including total phosphorus (TP), total Kjeldahl nitrogen, nitrate-N, alkalinity, conductivity, pH, chlorophyll a (Chl-a), algal composition, Secchi depth, and dissolved oxygen and temperature profiles, were collected at a pelagic site via a 2 m integrated sampler. In addition, near-shore MC and Chl-a samples were collected at a downwind site on most dates.
Near-shore or incident-based samples (e.g., in response to a reported dog death) were typically taken in the shallow waters near the shoreline where humans or animals may come in contact with severe cyanobacterial blooms. These samples were collected as grab samples just beneath the surface. Near-shore locations often varied dependent on wind direction and presence of algal blooms. In contrast, location of pelagic (index) sites was constant among sample events. Routine and incident-based studies are referred to as "targeted" studies for the purpose of this paper. In general, targeted lakes were relatively large (typically ≥50 ha) with public access and extensive public usage. Watershed landuse was often dominated by agricultural or developed landuses.
A stratified random process was used by USEPA to select lakes for the 2007 and 2012 NLA. These studies are designed to yield probabilistic estimates of condition at the national, regional, or state levels (USEPA 2012) . In 2007, minimum lake size was 4 ha and in 2012 was 1 ha, resulting in a large number of small lakes in the NLA studies compared to the targeted studies. For example, in 2012, 75% of Minnesota's NLA lakes were <50 ha and 15% were <4 ha. These percentages are somewhat similar to the overall population of lakes in Minnesota, where 78% are <50 ha and 40% are <4 ha. Because public access is not a requirement in the study design, selected lakes were frequently deeply embedded in forested/wetland areas or prairie/cultivated areas and often had limited public usage.
In 2007 and 2012, MPCA sampled 50 lakes for statewide assessment of condition (as per USEPA statistical design; Messer et al. 1991) . In 2012, MPCA added an additional 100 lakes from USEPA's randomized draw of lakes to allow ecoregion-based assessments for the 3 aggregated ecoregions that comprise Minnesota: Northern Forests, East Temperate Forests, and Great Plains. This randomized 150-lake frame (50 per ecoregion) provided statistically based coverage of lakes across Minnesota (Fig. 1) . In addition to MC, a complete suite of water chemistry and biological samples were collected from each lake (see parameter lists in USEPA 2012).
NLA lakes were sampled on one occasion during the summer (Jun-Sep) index period. The 2007 national steering team discussed whether MC should be collected at the pelagic site or at a near-shore site. Due to insufficient funding at the national level to do both sites, the decision was made to collect MC at the pelagic site, consistent with all other water samples. This discussion prompted MPCA to collect an additional near-shore sample from one randomly selected (prior to arriving at the lake) near-shore site on its 50 lakes for a comparison among pelagic and near-shore MC. In 2012, NLA adopted a similar protocol and collected MC at a pelagic and a near-shore site.
All MC samples for MPCA were held on ice prior to processing by Minnesota Department of Health (MDH). MDH analyzed MC using a bench-top Abraxis ADDA ELISA method, which had a method detection limit (MDL) of 0.15 μg/L total MC, and the standardized analysis curve provided with the kit. MC samples underwent a triple freezing cell lysis procedure prior to analysis. The MC concentrations for all studies were based on microcystins, nodularians, and their congeners summarized as one MC concentration (total MC). The ADDA ELISA had an assay method maximum quantifiable range of 5 μg/L that required dilution of samples with reagent-grade deionized water when concentrations were above this range, which can result in reduced accuracy depending on the amount of dilution. MDH MC quality assurance analysis, using MCLR spike recovery quality assurance, indicated that 67% of samples had percent recovery within 90-110%, and 100% had recovery within 75-125%; and the coefficient of variation (CV) between sample and replicate was <15% for 56% of samples and <25% for 100% of samples.
World Health Organization (WHO) risk guideline categories established for recreational waters (WHO 2003 ) provide a basis for categorizing MC data and describe relative risk of health effects during recreational exposure to MC. The categories we used to assess our data were drawn from Chorus and Bartram (1999) and slightly modified to include: nondetects (<0.15 μg/L) no risk, <1-0.15 μg/L very low risk, 1-10 μg/L low risk, 10-20 μg/L moderate risk, 20-2000 μg/L high risk, and >2000 μg/L very high risk.
Nondetects were a common feature of these datasets (Table 1-3), hence our addition of a "no risk" category. Because of the large number of nondetects, statistical analysis was conducted using the Kaplan-Meier nondetect data analysis method (Helsel 2005 
Results and discussion
MPCA's MC data are statistically summarized collectively (referred to as overall MC dataset) and in 3 subsets: targeted studies, NLA pelagic and near-shore data from 2007, and NLA pelagic and near-shore data from 2012 (Table 1) . The different goals and objectives of the monitoring efforts are clearly reflected in the monitoring results. For instance, mean MC for targeted lakes was 600 times higher than the random NLA study lakes (Table 1) , and percent nondetects was 5-6 times lower than that observed in the 2007 and 2012 NLA studies. While each NLA lake was sampled only once, monitoring was deemed representative of conditions in the mid-summer index period for the overall population (USEPA 2012 ).
The large difference in mean MC concentrations between the targeted and NLA datasets (Fig. 2) was heavily influenced by a few extreme values (maximum MC was 80,000 μg/L in the targeted dataset vs. only 44 and 8.2 μg/L, respectively, for 2007 and 2012 NLA). In the case of these datasets, the "mean" is not a useful statistic for characterizing or comparing the datasets. The median value in the targeted dataset was ∼15 times higher than the median 2007 and 2012 NLA MC concentration (Table 1) . Similarly, the interquartile range (IQR; 25th-75th) was small for the NLA datasets (Table 1 ; Fig. 2) , and both were heavily influenced by nondetect values compared to the targeted dataset, which had an IQR that spanned nearly 2 orders of magnitude.
The percentage of MC samples below the MDL varied substantially between the targeted and NLA datasets (Table 1). The targeted dataset had a rate of only 8% nondetects, which is a direct reflection of program intent and sampling methods. In contrast, sampling at a pelagic (index) site on the random NLA lakes yielded nondetect percentages that were more than 5-fold higher in 2007 and 2012. 
Microsystin concentrations in Minnesota lakes
Based on MPCA's 2007 dataset, the near-shore mean, 95th percentile, and maxima were higher than the pelagic; however, there was no difference in the IQR for the 2 datasets and a minimal difference in percent nondetects (Table 2 ). In 2012, there was no substantial difference in mean or median values for the pelagic and near-shore sites, and 95% of all values were <1 μg/L (Table 2) (Table 1 and 2), there were no appreciable differences among pelagic and near-shore samples.
The increased spatial coverage of the 2012 NLA (50 lakes sampled in each of Minnesota's 3 ecoregions) allowed statistically valid characterization of MC across the state and among regions. Mean MC was lowest in the Northern Forest, followed by the Eastern Temperate Forest, and highest in the Great Plains (Table 3) . Regional patterns in MC were similar to the regional patterns of lake trophic status across Minnesota (Heiskary and Wilson 2008) , where lakes are least productive in the forested northeast, and eutrophic to hypereutrophic in the agriculturally dominated south and southwest (Great Plains), with a transition zone between the 2 that corresponds to the Eastern Temperate Forest ecoregion (Fig. 1) . The 2012 NLA TP and Chl-a data support this finding with IQR as follows: Northern Forests: TP 10-28 μg/L and Chl-a 3-14 μg/L; Eastern Temperate Forests: TP 19-78 μg/L and Chl-a 4-41 μg/L; and Great Plains: TP 21-154 μg/L and Chl-a 14-127 μg/L. The most distinct among-region differences for MC were found in the Northern Forests and Great Plains where the maximum value for the Northern Forests was the same as the mean for the Great Plains.
Frequency distributions of the overall and NLA datasets relative to the previously described categories provide a basis for describing relative risk of encountering the various MC recreational exposure risk levels in Minnesota lakes (Fig. 3a-c) . Based on the random NLA samples, we anticipate no detectable MC ∼50% of the time when combined with MC <1 ug/L, and very low or no risk MC more than 80% of the time (Fig. 3b, c) . Low risk values occur about 10% of the time, and moderate-to-high risks are anticipated <1%. When all MPCA data are considered, very low and no risk is anticipated 60% of the time, low risk is anticipated 20% of the time, and moderate risk about 10%. High and very high risk account for about 10% of the values (Fig. 3c) .
The NLA randomized sampling approach provides a useful perspective on MC occurrence and magnitude at a national, regional, or state level. datasets indicate that randomly measured MC concentrations are very low in Minnesota lakes, and regional patterns in MC concentrations are similar to patterns in monitored trophic status among the state's diverse lake regions. These data further suggest minimal differences among MC as measured at pelagic sites compared to random near-shore sites, and no difference in terms of WHO recreational risk category. Thus, if there are monetary constraints for future NLA studies, collecting MC only at the pelagic site may be Heiskary et al.
adequate for national, regional, or state comparisons. Note that our observation of minimal differences among MC at pelagic compared to near-shore sites only applies if random selection of near-shore sites is used. If targeted sampling of near-shore sites is employed, differences among pelagic and near-shore results would likely be substantial.
If an investigator is interested in characterizing the MC range or relative risk of encountering elevated levels of MC in a given lake or set of lakes, a different sampling strategy must be employed. In this case, the lakes must be sampled over the course of the recreational season, and near-shore (downwind shoreline) samples should be collected in addition to pelagic samples. Minnesota's data from targeted studies support this recommendation (Table 1 ; Fig. 2 ). Lindon and Heiskary (2009) provide further insights based on these targeted studies.
High risk and very high risk MC concentrations are found in Minnesota lakes (as evidenced by the overall dataset); however, these levels are most often associated with severe and very severe nuisance cyanobacterial blooms , which are readily evident to the average lake user. Hence, the MPCA's proactive message to recreational lake users advising a preventative approach with messages such as "when in doubt, best keep out," is sound practice as a part of a broader effort to address the issue of harmful algal blooms. The broader effort has included public outreach (e.g., proactive television and radio and newspaper press releases) and collaboration with MDH, Minnesota Department of Natural Resources, Minnesota Veterinary Medicine Association, and local units of government, as well as our long-term focus on reduction of nutrient loading to lakes, with the specific intent to reduce the intensity and frequency of harmful algal blooms (MPCA 2014) . In the future, we intend to review more recent toxicity information from the MDH and develop estimates of recreational and fish consumption exposure to MC, which will provide a basis for development of state-specific guidance that would reduce reliance on the WHO thresholds. The data described in this article will contribute to that effort. 
